Abstract: The performance of Z-cut MachZehnder high speed LiNbO, amplitude modulators with a CPW travelling wave electrode, has been analysed and optimally designed in detail by the Fourier series method. The effect of electrode and buffer layer thickness on the electric field distribution in the substract, effective microwave refractive index and characteristic impedance of CPW electrode, are discussed. Calculation shows that increasing the thickness of the electrode and SiO, buffer layer can improve the phase velocity mismatch between electric and optical waves, and the drive power required by the modulator with thin buffer layer and thick electrode is lower than that required by the modulator with thick buffer layer and thin electrode. In the optimisation procedure the graphic method without iteration is used with the help of a software called 'GRAPH. The optimum rate of electrode width with gap is near by 0.75 and is independent of the rate of electrode thickness with gap. The on/off voltage lower than 4.1 V is achieved by a modulators with electrode length 59 mm for 18 GHz bandwidth.
Introduction
High speed optical waveguide LiNbO, electro-optic modulators are important devices for rapid developing broadband optical fibre communications and signal processing systems. Various types of high speed modulators have been developed; among them the Mach-Zkhnder interferometric type modulator is one of the most widely used structures for high speed modulation, because of its simplicity and easy fabrication. In a typical broadband LiNbO, modulator, the electrode length is limited by phase velocity mismatch between the electric wave and optical wave, as well as the microwave attenuation of the travelling wave electrode. The required driven power increases with modulation bandwidth. It has prevented their practical use. In order to broaden the bandwidth and reduce the driven power, it is necessary to increase Out of these, the thickening electrode and buffer layer is the best way because of its easy fabrication. According to our experimental results and Reference 7, the coplanar waveguide (CPW) electrode is superior to the coplanar strip electrode (CPS) in the microwave transmission properties for broadband modulators. Various computational methods for calculating the electric field distribution in the integrated optics devices, such as the Fourier series [S, 91, Green's function [lo, 111 and the finite element method [12, 131 , have been reported. The Fourier series method has the advantage of easy division subregions and no iterations required. The purpose of this paper is to present the detailed mathematical derivation for CPW structure based on Fourier series method [9] as well as analytical results and useful design data for the LiNbO, Mach-Zehnder interferometric modulators with CPW electrode (Fig. 1 is the crosssection of the device). In this approach the impact of the 
We used the same method mentioned in Reference 9, which analyses the CPS structure, to find the electric field distribution in the CPW structure. The difference between CPS and CPW is that the whole region in CPW is divided into five subregions, as shown in Fig. I The potential O is expanded in terms of the Fourier series, satisfying the Laplace eqn. 2 and the boundary conditions on the interfaces in the x direction:
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and
[CAA], [CAS], [CSA] and [CSS]
are matrices with subscript i,j as follows:
[I] is the unit matrix:
First, a, and s, (n = 1, 2, . .. , N) are found from eqn. 5, which are truncated at the finite index N . The truncation index N depends on the calculation accuracy required. ( 
12)
In the following calculations we use the approximative formula of a, in Reference 17.
In Fig. 2 , the contour lines of the electrode length for a travelling wave modulator with 18 GHz bandwidth are 
Formula for modulator analysis 3.1 Characteristic impedance Zm and effective microwave refractive index Nm Zm and Nm are two important parameters in the design of travelling wave modulators. They affect the impedance match between the electrodes and driving circuit, and hence the modulation bandwidth. For any TEM-type transmission line, the Zm and Nm at microwave fre-384 plotted in the Nm-a, plane. It is noted that the maximum electrode length is achieved at Nm = ne = 2.138 for a given a,. r = rl -r2is the total overlap integral of a M-Z modulator. The overlap integral on each optical channel waveguide is where E,(x, y ) is the microwave electric field per unit voltage applied on the electrode. Eo,(x, y ) is the electric field pattern of the optical wave of the ith arm and is assumed as electric field with Gaussian and HermiteGaussian distribution in x and y direction, respectively, and is expressed as follows [l5]:
(14) where
xi is the x coordinate of the centre of the optical channel waveguide on ith arm of a M-Z modulator. TI and W, are the full widths at l/e the maximum values of the horizontal and vertical electric field patterns of the optical wave, respectively. When the optical channel waveguides on the arms are as same as the channel waveguides at input and output parts of the M-Z modulator, to achieve the minimum coupling loss between optical waveguide and optic fibre. W,, , W, and 2a must satisfy the following relation:
where 2a is the mode field diameter of the circle symmetric single mode fibre. In the following analysis of the modulator, 2a can be regarded as a constant depending on the single mode fibre type at required optic wavelength. Eqn. 10 shows that the maximum drive power in the bandwidth from DC to k0is 4P,, at Lo.In the following analysis, the P , will be an important final parameter. 
Comparison of electric field
Although the conformal mapping method is not suitable for analysing the structure with finite metal electrode and buffer layer, the field solution [14] is exact for a structure where the electrodes are assumed to be infinitely thin and both side electrodes to be semi-infinite at transverse direction. Therefore, the electric field distribution calculated by the Fourier series method can be compared with that calculated by the conformal mapping method in order to determine accuracy of Fourier series method. Fig. 3 shows the electric field E,(x) and E,(x) in the x and y direction in the substrate as a function of x for y = -5 pm and H = 0. Generally, the maximum of optical field pattern is near to y = -5 pm. The substrate is Z-cut LiNbO, crystal with E, = 43 and cy = 28. The electrode dimensions are W, = 8 pm, W, = W, = 100 pm, G I = G, = 15 pm and T = 0.01 pm. In the Fourier series method, the T value cannot be zero, and T = 0.01 pm is much less than G , and W'. V, and VI = V, are assumed to be of 1 V and OV, respectively. The solid line represents the exact solution of conformal mapping method (CMM) while the dashed lines represent the results of the Fourier series method (FSM). As Fig. 3 shows, the field distributions calculated by both methods are in very good agreement. At x = W, + G , + W2/2= 119 pm (see Fig. I) , the E, reaches its maximum and the relative error of the electric field is only 1.4%.
Comparison to the experimental results
The accuracy of electric field calculated by Fourier series method affects the accuracy of calculated r, V,, N , , Z , , Pd, and bandwidth of the modulator with thick metal electrode and thick buffer layer. Thus, a comparison between the theoretical calculations and the experimental results of some CPW travelling wave modulators is very important to see whether the Fourier series method is good for an engineering design of the modulator. Table 1 is the comparison and shows that the relative error of V , and 3 dB bandwidth BW are less than 9% and 5%, respectively.
It is evident from the above comparison that the Fourier series method is accurate not only in the special case of the infinitely thin electrodes without buffer layer, but also in the general case of electrode and buffer layer with finite thickness. Thus it has been demonstrated to be useful for the analysis and engineering design of CPW LiNbO, M-Z modulators.
Calculations
In this section we will analyse the effects of the electrode thickness T and buffer layer thickness H on the electric fields in the substrate, the characteristic impedance Z, and the effective microwave refractive index N,. In the following calculations, W and G represent W, and G , = G, in Fig. 1 , respectively. The y = 0 plane lies at the interface between the SiO, buffer layer and electrodes.
Electric field distribution
In Fig. 4 , the electric field E, and E, are plotted as a function of x' = x -119 pm for various electrode thick- nesses, with W = 8 pm, G = 15 pm and H = 0.5 pm at y' = y -H = -10pm under the bottom of buffer layer. It is shown that the electric field distribution is nearly unvaried when the electrode thickness increases from 3 pm to 12pm. This means that increasing electrode thickness does not lead to an increase of V,,and is very useful in the optimum design of the modulator. Fig. 5 shows the electric field distribution for various buffer layer thickness with W = 8pm, G = 15pm, T = 3 pm at y' = -10 pm. It is noted that the shapes of the field distribution are nearly unchanged, but the values of the electric field at the same x' obviously decrease when the buffer layer thickness increases from 0 to 3 pm. As H increases from 0.5 to 1 pm it makes a 23.5% reduction in the value of the electric field. This means that V, required by the modulator will increase. Optimisation of modulator requires tradeoffs among various design parameters in order to achieve the minimum drive power required at a given bandwidth. The optimisation for given electrode thickness T = 3 pm [IO] has been reported, but we discovered that there are a lot of very useful results for improving modulator performance in the thick electrode range (T = 8 to 30 pm), and the drive power of V, required in the modulator with a thicker electrode is lower than that with a thinner electrode at a given bandwidth.
From our conformal mapping analysis of four M-2 modulators with no buffer layer and infinitely CPS or CPW thin electrodes deposited on X-cut or 2-cut LiNbO, ,we know that the Z c u t LiNbO, modulator is the best structure and its optimum gap G = GI = G, is in a wide range around 18pm. Furthermore, our experiments on optical coupling between optical channel waveguides of 28 mm length under various waveguide gaps at However, in our optimisation procedure, the graphic method of separate values is used. Initially, drive powers required by the modulator with 18 GHz bandwidth are calculated at each parameter group of WIG, T/G and HIG. The electrode length is assumed to be unlimited.
The TM mode size TI and W ' in eqns. 17 and 18 are dependent on the waveguide fabrication conditions. In our laboratory the channel waveguides on Z-cut LiNbO, are fabricated by indiffusion technology at 1050°C diffusion temperature, for 9 h diffusion time in a wet oxygen atmosphere. The stripe is 85nm thickness and 9- Table 2 , a series of the parameters are presented corresponding to the minimum drive power required by the modulators at WIG = 0.75 for G = 15 pm, W,,= W, = 14 pm and 18 GHz bandwidth. These data are useful for design of CPW LiNbO, M-Z modulators in taking practical conditions of the fabrication process and equipment into account.
It is known from eqns. 10, 1 1 and 13-18, that V, and P,, are depended on the W,,and W, . Low drive power is 
1.
Increasing the electrode thickness T of the modulator with a given buffer layer thickness H improves the velocity mismatch between optical and electric waves, because the effective microwave refractive index N, is near to the optical refractive index ne. It also reduces the microwave propagating attenuation constant which does not change the electric field intensity in the substrate and the electro-optical integral r. Therefore, the electrode length L limited by the given bandwidth can be expanded to achieve lower on/off voltage. But, as continually increasing electrode thickness, N , becomes less than ne, and the velocity mismatch occurs as the required drive power increases, so that there is an optimum electrode thickness.
2. Generally speaking, increasing the buffer layer thickness H with a given electrode thickness T also can improve the velocity match and leads to an increase of the characteristic impedance and a reduction of the microwave attenuation constant. One can use longer electrode length to compensate the effect of decreasing electric field in the optical channel waveguide in order to reduce the drive power; but, as the electrode thickness is thinner, the buffer layer thickness required by getting the velocity match becomes thicker, which rapidly decrease the electric field intensity in the optical waveguide, so that the minimum drive power obtained by increasing buffer layer thickness H with thin electrode is higher than that obtained by increasing electrode thickness T with thin buffer layer. The optimum drive power is found at TIC = 2 (T = 30 pm) and H/G = 0.05 (H = 0.75 pm) in our selective range. In this case, the electrode length and DC on/off voltage are 88.9 mm and 2.43 V, respectively, and the required drive power at 18 GHz is 0.116 W. 3. Fig. 10 shows that the drive power as a function of WIG slowly varies at near WIG = 0.75. This means that the tolerance of the electrode width W and gap G in fabricating modulators has only a slight influence on the drive power.
Conclusion
In this paper, the Fourier series method used to calculate the quasistatic electric field distribution in CPW Z-cut LiNbO, modulators with the finite electrode and buffer layer thickness has been described in detail. The comparison theoretical calculation with experimental results proves that the calculated performance of the modulator by using the Fourier series method is accurate enough for engineering design. In order to achieve the optimum drive power required by the modulator trade-offs among various parameters of the structure is treated by the graphic method without iteration. When the electrode length L is assumed to be unlimited, a lot of separate values of drive power are calculated from varying electrode widths W , thicknesses T and buffer layer thicknesses H for a given gap G and optical small signal bandwidth. The graph of contour line of drive power as a function of T/G, H/G for various WIG is plotted with the help of a software called GRAPH. The minimum drive power required by the modulators is shown on the graphs. In Table 2 , the data are presented for 18 GHz modulator with C = 15 pm.
Calculation shows that increasing both electrode and buffer layer thickness can improve the velocity mismatch between optical and electric waves. Consequently, it is promising to increase the electrode length, hence decrease on/off voltage and drive power for a given bandwidth. The drive power required by the modulator with thin buffer layer and thick electrode is lower than that required by the modulator with thick buffer layer and thin electrode. The optimum rate WIG of electrode width with gap is near by 0.75 and independent of the rate T/G of electrode thickness with gap. Meanwhile the general curve groups of the characteristic impedance Z, and effective microwave refractive index N, of CPW as a function of the parameters TIC, H/G and WIG have been presented. 
